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ABSTRACT: Nanomechanical properties of alginate/chito-
san (Alg/Chi) multilayer ﬁlms, obtained through spray assisted
layer-by-layer assembly, were studied by means of PeakForce
quantitative nanomechanical mapping atomic force micros-
copy (PF-QNM AFM). Prepared at two diﬀerent alginate
concentrations (1.0 and 2.5 mg/mL) and a ﬁxed chitosan
concentration (1.0 mg/mL), Alg/Chi ﬁlms have an
exponential growth in thickness with a transition to a linear
growth toward a plateau by increasing the number of
deposited bilayers. Height, elastic modulus, deformation, and
adhesion maps were simultaneously recorded depending on
the number of deposited bilayers. The elastic modulus of Alg/Chi ﬁlms was found to be related to the mechanism of growth in
contrast to the adhesion and deformation. A comparison of the nanomechanical properties obtained for non-cross-linked and
thermally cross-linked Alg/Chi ﬁlms revealed an increase of the elastic modulus after cross-linking regardless alginate
concentration. The incorporation of iron oxide nanoparticles (NPs), during the spray preparation of the ﬁlms, gave rise to
nanocomposite Alg/Chi ﬁlms with increased elastic moduli with the number of incorporated NPs layers. Deformation maps of
the ﬁlms strongly suggested the presence of empty spaces associated with the method of preparation. Finally, adhesion
measurements point out to a signiﬁcant role of NPs on the increase of the adhesion values found for nanocomposite ﬁlms.
■ INTRODUCTION
Over the past few years, multilayer polymer ﬁlms and
nanocomposite ﬁlms, obtained through their combination
with nanoparticles, have drawn a lot of attention for the
development of several applications in organic microelectronics,
as biosensors or scaﬀolds for tissue engineering.1,2 The control
of the mechanical properties of these ﬁlms is speciﬁcally
attractive in biomaterials area where the mechanical properties
of polymer ﬁlms allow to modulate cellular behaviors regarding
adhesion, proliferation and cell diﬀerentiation.3−5 In this
context, the layer-by-layer (LbL) assembly of ﬁlms based on
polysaccharides, which are inherently biocompatible, consti-
tutes a powerful route for the production of stratiﬁed polymer
ﬁlms employed in biomedical applications. In particular,
multilayer ﬁlms based on chitosan (Chi) and alginate (Alg),
two polysaccharides extracted from shells of crustacean or
fungal mycelia and brown seaweed, respectively,6,7 have drawn
a lot of attention in this ﬁeld as patches for tissue engineering8,9
and membranes for drug delivery.10,11
Until now, most of the mechanical studies performed on LbL
polymer multilayer and nanocomposite multilayer ﬁlms have
been accomplished by macroscopic stress−strain experiments.
Focusing on Alg/Chi multilayer ﬁlms, measurements of their
mechanical strength using the bulge test have revealed an
increase in the elastic modulus with the ﬁlm thickness for ﬁlms
in the range of tens of nanometers.8 Very recently, it was shown
that the incorporation of magnetic nanoparticles within
freestanding Alg/Chi multilayer ﬁlms gave rise to an increase
in the elastic moduli measured in the wet state by stress−strain
measurements.12 Probe-based indentation is a versatile method
to study local mechanical properties of materials from the
nanoscale to the macroscale.13−15 Within this method,
nanoindenter and atomic force microscopy (AFM) are the
most used techniques.16 An early study reported the employ-
ment of AFM indentation, with 2.5 μm radius sphere, to
determine the mechanical properties of hydrated Poly(L-
lysine)/hyaluronic acid LbL ﬁlms in the micron range either
native or cross-linked and supported by an underlying glass
coverslip.17 However, this technique presents some drawbacks
such as poor lateral resolution and the large time required to
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obtain the quantitative mechanical mapping of the surface.13,15
To solve these problems, two AFM modes for mapping
mechanical properties have been introduced, HarmoniX and
PeakForce (PF) quantitative nanomechanical mapping
(QNM).13,15 These modes use the Derjaguin−Muller−Top-
orov (DMT) model18 to obtain the elastic modulus from the
force−indentation curves. It is important to note that the
employment of regular sharp probes may cause overestimation
of the ﬁlm modulus by the DMT method. An approach would
be using special probes, such as colloidal ones for example, that
would allow increasing the applied force without producing
large penetration. However, in that case, lateral resolution
would be compromised.13
There are only few studies aimed to determine the
nanomechanical properties of LbL multilayer ﬁlms by means
of (PF-QNM) AFM, mainly focused on determining the eﬀect
of the number of deposited layers on the elastic moduli on LbL
polymer ﬁlms and the eﬀect of the stiﬀ underlying substrate19,20
and, none of them, deal with the determination of the
nanomechanical properties of ﬁlms fully fabricated from
polysaccharides. In this paper, we aim to determine the
nanomechanical properties (elastic moduli, deformation, and
adhesion values) of alginate/chitosan multilayer ﬁlms. To
achieve this aim, we not only considered the eﬀect of the
number of deposited layers on the resulting mechanical
properties but we also considered the eﬀect of cross-linking
and the eﬀect of the incorporation of nanoparticles to obtain
nanocomposite ﬁlms during the buildup of the ﬁlms. All of
these parameters are known to inﬂuence the performance of
these materials in biomedical applications. Speciﬁcally, nano-
composite Alg/Chi ﬁlms can be employed as dermal pads for
local magnetic hyperthermia.21 Samples were prepared through
a spray assisted LbL method which allowed us to obtain ﬁlms in
a wide range of thicknesses (from nano to the micron size) with
considerable saving of time with respect to samples prepared
through immersion procedures. Finally, we aimed to determine
the mechanism of growth of Alg/Chi ﬁlms and correlate it to
their nanomechanical properties and hence to the structure
generated during the spray buildup.
■ EXPERIMENTAL SECTION
Materials. Low molecular weight Chitosan (Chi) was supplied by
Aldrich (448869, lot SLBG1673V). According to the fabricant,
viscosity was 20−300 cps (1 wt % in acetic acid, 25 °C, Brookﬁeld).
Puriﬁed using the procedure described by Signini and Campana
Filho,22 Chi was dissolved in acetic acid 1%w/v with magnetic stirring
for 22 h and ﬁltered through ﬁlter paper. Then, precipitation of Chi
was obtained by addition of 6.25 M NaOH drop by drop. After that,
Chi was ﬁltered and washed with distilled water until neutral pH. At
the end, it was rinsed with ethanol and dried in an oven at 55 °C for
17 h. The deacetylation degree (DD) of Chi, determined by RMN−1H
at 70 °C using 2 wt % CD3COOD/D2O as solvent,
23 was of 81%.
Molecular weight (Mw) of Chi, determined by capillary viscosimetry at
25 °C using as solvent acetic acid 0.3M/sodium acetate 0.2 M and
applying the equation of Mark−Houwink (k = 74 × 10−5dL/g, a =
0.76),24 was of 67000 Da. Sodium alginate (Alg) was supplied by
Sigma-Aldrich (A2158, lot 090M0092V). According to the fabricant,
its viscosity was 136 cps (2% w/v in water at 25 °C). Molecular weight
(Mw) of Alg, determined by capillary viscosimetry at 25 °C using as
solvent sodium chloride 0.1 M and applying the equation of Mark−
Houwink (k = 2 × 10−5dL/g, a = 1.0),25 was 166 000 Da.
Poly(ethylenimine) (PEI), with a molecular weight (Mw) of 25 000,
and acetic acid were supplied by Aldrich and used as received. Sodium
acetate anhydrous was supplied by Panreac and chloride acid by VWR.
A lab-made aqueous ferroﬂuid containing the iron oxide nanoparticles
(NPs) (8 mg/mL) was employed to prepare nanocomposite Alg/Chi
ﬁlms.26
Multilayer Films Preparation. All ﬁlms were built on silicon
wafers (20 × 40 mm, Siegert) previously cleaned with piranha solution
(3:1 H2SO4/H2O2) for 10 min and rinsed extensively with water. As
the silicon substrate is negatively charged, a ﬁrst layer of PEI (1 mg/
mL) was deposited providing a positively charged homogeneous
substrate. For that purpose, substrates were immersed in a solution of
PEI for 5 min, rinsed in a solution of distilled water for 2 min and
subsequently dried. During the spraying process, the substrate was
inclined 45° with respect to the vertical to allow the drainage of the
solution. The multilayer ﬁlms were built by a sequential spraying of
either Alg or NPs (negatively charged compound) and Chi
(polycation). A ﬁxed Chi concentration (1 mg/mL) and three
diﬀerent concentrations of Alg solution were used 1, 2.5, and 5 mg/
mL. The concentration of Chi was chosen based on the fact that
higher concentrations tend to clog the spray. Three diﬀerent LbL
systems were prepared: (i) Alg/Chi ﬁlms, (ii) cross-linked Alg/Chi
ﬁlms, and (iii) nanocomposite Alg/Chi ﬁlms. For the preparation of
Alg/Chi ﬁlms, Alg solution was sprayed onto the substrate for 5 s.
After a waiting time of 15 s, Chi solution was sprayed for 5 s. After an
additional waiting time of 15 s, the cycle was repeated until obtaining
the desired number of layers. Samples were denoted as (Algx/Chi)n
where n stands for the number of bilayers (n = 5, 10, 20 or 40), and x
refers to Alg concentration (x = 1, 2.5, or 5 mg/mL). The second type
of samples was obtained by cross-linking of the previously deposited
Alg/Chi ﬁlms at 120 °C for 2 h. The third series of samples was
obtained by spraying a bilayer of alginate and chitosan followed by a
bilayer of a lab-made ferroﬂuid containing the iron oxide NPs and a
chitosan layer (Scheme 1). In this case, a ﬁxed alginate solution with a
concentration of 2.5 mg/mL was used and each layer was sprayed for 5
s. Three nanocomposite ﬁlms were obtained by applying 2.5, 5, and 10
cycles and samples were denoted as (Alg/Chi)n/(NPs/Chi)m, where n
stands for the number of Alg/Chi bilayers (n = 3, 5 and 10) and m
stands for the number of NPs/Chi bilayers (m = 2, 5 and 10). The
spray process was carried out manually. The repeatability is guaranteed
because the air brush is placed at a ﬁxed distance in relation to the
sample (100 mm) and the spray of the polymer solutions is controlled
by the air pressure (150 bar) and the deposition time (5 s).
Multilayer Films Characterization. Measurements of the ﬁlm
thickness were carried out with a PLASMOS SD 2300 ellipsometer
Scheme 1. Schematic Diagram of the Sequential Spraying Process Followed for the Preparation of Nanocomposite (Alg/Chi)n/
(NPs/Chi)m ﬁlms
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operating at the single wavelength of 632.8 nm and a constant angle of
70°. Due to the inherent limit of ellipsometry to simultaneously
determine the refractive index and the ﬁlm thickness for very thin
ﬁlms, the refractive index of all ﬁlms was assumed to be constant at
1.465.27 While this procedure will lead to slightly incorrect absolute
values, it allows for the quick and precise determination of relative ﬁlm
thicknesses. For each substrate studied, 10 diﬀerent thickness
measurements were randomly taken on diﬀerent ﬁlm regions over
an area of a few square centimeters of the ﬁlm surface. The cross
section of ﬁlms was observed by scanning electron microscopy (SEM),
using a Hitachi SU 8000 microscope operating at 0.8 kV. The average
thickness was determined by measuring the width of the cross section
in the SEM micrographs in ﬁve diﬀerent points.
Atomic Force Microscopy (AFM) Nanoindentation Measure-
ments. The topography, surface roughness and mechanical properties
of ﬁlms were evaluated using a Bruker Multimode 8, with a Nanoscope
V controller, by the PeakForce Quantitative Nanomechanical Mapping
(PF-QNM) method. All measurements were performed in air, at room
temperature, on ﬁlms supported on silicon wafers. Samples (Algx/
Chi)n were scanned over square regions of 2 μm size and
nanocomposite (Alg/Chi)n/(NPs/Chi)m ﬁlms over square regions of
1 μm size. The average roughness (Ra) was calculated from the height
images in four diﬀerent square points of 1 μm × 1 μm. All quantitative
measurements were carried by using diﬀerent probes depending on the
actual mechanical properties of every sample. In particular, we used
TAP150 and RTESPA525 probes (Bruker). Cantilever spring
constants for each probe were measured by the thermal tune method
and found to be around 1−5 N/m for TAP150 employed for the
measurements of ﬁlms without nanoparticles and 50−100 N/m for
RTESPA525 employed for the measurements of nanocomposite ﬁlms.
Every tip radius was calibrated against a polystyrene standard of known
elastic modulus (Bruker), considering the DMT model18 through eq
1:
=
−
E
F F
Rd
3( )
4
r
tip adh
3 (1)
where Er is the reduced Young modulus. For tips modulus, Ftip is the
force on the tip, Fadh is the adhesive force between the AFM tip and
the sample, R is the AFM tip radius, and d is the penetration depth.
Provided that the tip Young modulus is much higher than the sample
modulus, the reduced modulus and the Young modulus are related
through eq 2
ν
=
−
E
E
1s
r
s
2 (2)
where ν is the Poisson’s ratio value.
The precise experimental procedure was the following: An initial Ftip
was set, and an initial estimation of the tip radius, based on the
provider speciﬁcations was considered. The Ftip was chosen to produce
a deformation depth of about 5 nm. Under these experimental
conditions, Fadh can be neglected. With this, an experiment on the
polystyrene standard was carried out. The tip radius value was
modiﬁed systematically until the measured elastic modulus of the
reference matched the one provided by the provider. The obtained
value for the tip radius was typically around 10 nm. The same sample
was measured with diﬀerent tips, after careful calibration for tip radius,
for cantilever deﬂection sensitivity and also at diﬀerent times. In
addition, the z distance in the piezo is regularly calibrated using a
grating of known depth.
PF-QNM is a contact AFM protocol which is based on the force−
volume method. Here, force−distance curves are collected by
nanoindentation of the sample in a point-by-point fashion. In this
method, the piezo-scanner is oscillated at 2 kHz while the probe
remains at rest. This fact enables a high speed and simultaneous
capture of force−distance curves and topographic images.28 The
maximum force (peak force) is controlled at each pixel to obtain
force−distance curves which are then used as feedback signal.
Figure 1 shows an example of the PF-QNM force−distance curve
corresponding to the sample (Alg2.5/Chi)10. The Z-axis reﬂects the
distance ramped by the piezo-scanner in the vertical direction. The
trace curve is obtained when the tip is approaching the surface of the
sample and the retrace curve when the tip is withdrawing from it. As it
can be observed, an attractive force appears when the tip is
approaching the sample followed by an elastic regime in which the
force is proportional to the deformation. The adhesion force is related
to the minimum of the retrace force−distance curve (upon
withdrawal) and the dissipation is the area between the trace and
retrace of the force−distance curves.
Analysis of the force−distance curves is automatically performed by
a software and allows to extract the height, elastic modulus, adhesion
force, deformation and dissipation simultaneously by application of the
DMT model. The employment of the DMT model is justiﬁed by the
fact that the chosen regime of applied forces allows us to study the
nanomechanical response of the bilayers in the elastic regime, i.e.,
without permanent deformation of the sample’s surface. The Young’s
modulus is obtained by ﬁtting the retrace curve using eqs 1 and 2 and a
Poisson’s ratio of 0.3.18 Note in Figure 1 that the part of the force−
distance curve used to estimate the DMT modulus superimposed in
both loading and unloading regime. The DMT Young’s Modulus
obtained from the ﬁtting was 2.9 GPa which is in good agreement with
the experimental value given by the software for sample (Alg2.5/
Chi)10 as shown in the Results and Discussion section.
■ RESULTS AND DISCUSSION
Mechanism of Growing of Alg/Chi Films Obtained
through Spray Assisted LbL. In order to optimize the
conditions of buildup via spray assisted LbL, (Algx/Chi)n
multilayer ﬁlms were prepared with diﬀerent concentrations
of Alg solution keeping the concentration of Chi solution ﬁxed
at 1.0 mg/mL. Figure 2 shows the evolution of the thickness of
(Algx/Chi)n ﬁlms as a function of the number of bilayers for
diﬀerent Alg concentrations, where n stands for the number of
bilayers and x refers to Alg concentration (1, 2.5, and 5 mg/
mL).
As it can be observed, the thickness of (Algx/Chi)n
multilayer ﬁlms increases linearly with the number of bilayers,
up to 5 bilayers, with a slope that increases with the
concentration of Alg solution. Alg1/Chi ﬁlm grows at a rate
of 4 nm/layer whereas Alg2.5/Chi and Alg5/Chi ﬁlms grow at
a similar rate of 20 nm/layer. Previous reports have shown a
linear increase of the thickness of Alg/Chi ﬁlms with the
number of layers when prepared by LbL dipping at a 3 nm/
layer rate which corresponds to a total thickness of ∼35 nm for
Alg and Chi concentrations of 0.5 mg/mL at pH 5.5.29 The
growing of the ﬁlm with the number of bilayers for the two
highest concentrations of Alg, 2.5 and 5.0 mg/mL, is similar
Figure 1. Force−distance curve of the sample (Alg2.5/Chi)10 while
approaching the surface (trace) and withdrawal (retrace). The dashed
line corresponds to ﬁtting of the experimental results to the DMT
model.
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and much higher than that obtained for 1.0 mg/mL of alginate.
It is worth mentioning that using 5.0 mg/mL Alg solution tends
to clog the spray. Therefore, this concentration was discarded
for the next experiments. So, the following experiments are
focused on (Algx/Chi)n ﬁlms prepared with x = 1.0 and 2.5
mg/mL.
Figure 3 shows the evolution of the thickness of (Alg1/Chi)n
and (Alg2.5/Chi)n ﬁlms as a function of the number of bilayers,
up to n = 40. The thickness of ﬁlms with n = 10, 20, and 40
bilayers was determined by SEM due to the ellipsometry
restrictions to determine ﬁlm thicknesses of more than 8
bilayers. In order to visualize the cross section of Alg/Chi ﬁlms,
a representative SEM micrograph (Alg2.5/Chi)20 has been
included in the inset of Figure 3. It can be observed that the
thickness increases linearly up to 5 bilayers, exponentially from
5 to 20 deposited bilayers and then slightly increases toward a
plateau.
Previous studies have shown that the multilayer growth
regime is related to the internal structure of the multilayer
ﬁlm.19,30 For polymer ﬁlms comprising several layers, the
growth proﬁle typically proceeds either linearly or exponen-
tially. Exponential ﬁlm growth is currently understood to arise
from the diﬀusion of adsorbed species into and out of the
multilayer ﬁlm. In this process, macromolecules ﬁrst adsorb
from solution to the exposed surface of the ﬁlm via attractive
intermolecular interactions, then they diﬀuse through the bulk
toward the substrate. Diﬀusion from the bulk of the ﬁlm toward
the ﬁlm surface also occurs during this process. In the case of
(Algx/Chi)n ﬁlms reported in this study, the exponential
growth could be due to the diﬀusion of chitosan “in” and “out”
of the ﬁlm during the deposition process. The diﬀusion of
chitosan during the buildup process in diﬀerent polyelectrolytes
systems has been proved for chitosan/hyaluronic acid31 and
chitosan/heparin32 up to 10 bilayers. The change of growth
from exponential to linear at a number of bilayers higher than
20 might be due to the gradual rearrangement of the polymer
chains in the ﬁlm which makes the ﬁlm less penetrable for the
diﬀusion process, so that the growth becomes linear with the
number of deposited layers when the time allowed for
deposition is constant.33
Eﬀect of Thermal Cross-Linking and Number of
Bilayers on the Nanomechanical Properties. To character-
ize the nanomechanical properties of Alg/Chi LbL ﬁlms by
means of (PF-QNM) AFM, the number of bilayers was varied
and the eﬀect of the cross-linking was studied. (Alg2.5/Chi)n
ﬁlms were subjected to a thermal treatment of 120 °C during 2
h in order to induce cross-linking through formation of amide
bonds between the amine groups of chitosan and the carboxylic
groups from alginate.34 The average roughness (Ra) of non-
cross-linked and cross-linked (Alg2.5/Chi)n ﬁlms is shown in
Table 1 as a function of the number of bilayers.
Note that, in the case of non-cross-linked (Alg2.5/Chi)n
ﬁlms, Ra increases from 8.9 ± 3.6 to 49.0 ± 17.5 nm when the
number of bilayers increases from 5 to 40. This might be
attributed to the self-assembly of opposite charges between
alginate and chitosan that gives rise to their aggregation
resulting in rougher surfaces as the number of layers
increases.35 The Ra values obtained for cross-linked ﬁlms are
lower than those corresponding to native (Alg2.5/Chi)n ﬁlms in
agreement with previous reports in which it was demonstrated
that, cross-linking of multilayer ﬁlms does not signiﬁcantly
change the thickness in the dry state, giving rise to more
uniform ﬁlms due to the reorganization of the ﬁlm
organization.11 Notice that Ra values obtained after cross-
linking do not follow a clear trend with the deposited number
of layers probably due to the fact that Ra arises during the
process of the preparation of the ﬁlms before the cross-linking
step.
Representative (PF-QNM) AFM images corresponding to
(Alg2.5/Chi)20 ﬁlms before and after thermal cross-linking are
shown in Figure 4. A comparison of the AFM height images
and those corresponding to the mechanical properties (elastic
Figure 2. Evolution of (Algx/Chi)n ﬁlm thickness, measured by
ellipsometry, vs the number of bilayers. The ﬁlms were obtained by
spray assisted LbL with Alg concentration at x = 1.0 (■), x = 2.5 (●),
and x = 5.0 mg/mL (◆). Dashed lines are a guide to the eye.
Figure 3. (a) Evolution of (Alg1/Chi)n (■) and (Alg2.5/Chi)n (●)
ﬁlm thickness, measured by SEM, vs number of bilayers. Dashed lines
are a guide to the eye. The inset of the ﬁgure is a representative SEM
micrograph corresponding to the cross section of a ﬁlm (Alg2.5/
Chi)20.
Table 1. Evolution of Average Roughness (Ra) of Non-
Cross-Linked and Cross-Linked (Alg2.5/Chi)n Films as a
Function of the Number of Bilayers (n)
avg roughness Ra (nm)
no. of bilayers, n (Alg2.5/Chi) ﬁlms cross-linked (Alg2.5/Chi) ﬁlms
5 8.9 ± 3.6 4.8 ± 3.6
10 17.1 ± 3.4 3.8 ± 0.6
20 29.8 ± 11.9 22.3 ± 8.9
40 49.0 ± 17.5 18.5 ± 0.5
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modulus, deformation and adhesion) allows to observe that the
topography of the samples is not associated with changes of the
mechanical properties. This is more evident for cross-linked
(Alg2.5/Chi)20 ﬁlms. For easier visualization, a white square
(500 nm × 500 nm) was placed in the same position within the
height AFM image and that corresponding to the determi-
nation of elastic modulus. As it can be observed, this region
presents a homogeneous roughness whereas diﬀerences in the
elastic moduli can be observed according to the diﬀerent color
scale. This result suggests the presence of heterogeneous
regions which might be related to regions of diﬀerent degree of
cross-linking arising from diﬀerences on the rearrangement of
the polymer layers after thermal cross-linking or even from
inhomogeneous deposition of the polymers, regions with more
polymer mass give rise to a higher number of cross-linking
points. In addition, there is a correlation between AFM images
corresponding to deformation and those corresponding to
adhesion: regions that deform more are those that show a
higher tip-adhesion force. This might be attributed to the
establishment of more eﬀective interactions, probably of van
der Waals nature, between the tip and the polymer surface.
The mechanical properties (elastic modulus, deformation,
and adhesion) were quantiﬁed at four diﬀerent positions. The
elastic modulus, the deformation and the adhesion of native
(Algx/Chi)n as a function of the number of bilayers are shown
in Figure 5a.
The elastic modulus slightly increases with the number of
bilayers being 8.5 ± 2.0 GPa for 5 bilayers and 12.4 ± 2.3 GPa
for 40 bilayers. The increase in the elastic moduli with the
number of bilayers is more signiﬁcant in the case of (Alg2.5/
Chi)n increasing from 0.8 ± 0.1 GPa to11.8 ± 4.3 GPa from 5
to 40 bilayers, respectively. The elastic moduli obtained for
(Alg2.5/Chi)n ﬁlms are lower than those corresponding to
(Alg1/Chi)n ones. For both alginate concentrations, the elastic
moduli reach a plateau value of ∼12 GPa at 40 bilayers. Note
that this value is similar to those obtained by bulge tests carried
out on free-standing Alg/Chi ﬁlms prepared by spray assisted
LbL that showed that the elastic modulus of 35 nm Alg/Chi
ﬁlms was 1.1 ± 0.4 GPa and increased to similar values for 75
and 114 nm Alg/Chi ﬁlms (8.1 ± 2.5 GPa and 11.0 ± 1.6 GPa
respectively). For these samples, a linear increase in the
thickness is obtained with a single Alg/Chi bilayer of
approximately 3.3 nm thickness, suggesting that each
polysaccharide layer constitutes an almost single molecular
layer.8 In our study, spray assisted LbL of (Alg1/Chi)n and
(Alg2.5/Chi)n ﬁlms present a thickness of a single Alg/Chi
bilayer of ∼7.8 nm and ∼42.4 nm, respectively and a plateau
value for the elastic modulus of 12.4 ± 2.3 GPa and 11.8 ± 4.3
GPa, respectively is obtained for (Algx/Chi)n ﬁlms with
thicknesses above 1 μm, i.e. above 20 bilayers. This fact may
be attributed to the change in growth mechanism from
exponential to linear that takes place above 20 bilayers as
shown in Figure 3. Thus, it follows that the eﬀective interaction
established between Alg and Chi is weaker for sprayed LbL
than for spin-coated LbL. We propose that the initial
exponential growth observed in Figure 3 is controlled by the
interdiﬀusion of both Alg and Chi leading to a signiﬁcant
increase of the elastic moduli with the increase of bilayers. Once
the thickness of the sprayed LbL ﬁlm reaches a certain value,
the buildup changes from an exponential to linear growth due
to a hindering of the diﬀusion process and the elastic modulus
tends to a plateau value.
The deformation of Alg/Chi ﬁlms is almost constant with the
number of bilayers and only varies in a range between 0.5 and
1.5 nm due to the similar peak force used for all measurements.
Similarly, adhesion values are independent of the number of
deposited bilayers with values ranging between 1 and 4 nN.
This is expected, as the adhesion is derived from the pull oﬀ
force that is a measure of the attractive forces between the tip
and outermost layers of the samples, i.e., the adhesion
measurements are sensitive only to the surface and thus
which should be similar for all the samples. Moreover, there are
no diﬀerences in deformation and adhesion between ﬁlms
prepared at the two concentrations of Alg.
Now, we turn our attention to the eﬀect of the cross-linking
on the mechanical properties measured on (Alg2.5/Chi)n ﬁlms
as a function of the number of bilayers (n) (Figure 5b). For n <
10, the elastic moduli of cross-linked ﬁlms are similar to those
of the native ones. However, as the number of bilayers
increases, the elastic moduli drastically increase to reach a
maximum value of ≈47.4 ± 3.8 GPa at 40 bilayers. In addition,
the deformation values of cross-linked (Alg2.5/Chi)n ﬁlms
remain below 0.9 nm regardless the number of bilayers.
Adhesion values are on the same range as those encountered
for native ﬁlms with the exception of (Alg2.5/Chi)5 ﬁlm for
which the adhesion force increases to 6 nN. Although no
conclusive explanation for this eﬀect exists, we can speculate
about a lower chemical heterogeneity for the cross-linked
sample at low number of bilayers arising from a lower degree of
Figure 4. PF-QNM AFM images (2 μm × 2 μm) of height, elastic
modulus, deformation, and adhesion corresponding to (Alg2.5/Chi)20
ﬁlms (a) before and (b) after cross-linking. For the sake of discussion,
the white square (500 nm × 500 nm) placed in the same position
within the height AFM image and the elastic moduli AFM image
indicates a small roughness region with diﬀerences in the elastic
moduli.
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interpenetration between alginate and chitosan as shown in
Figure 3. This result would imply that the adhesion promoted
by the ﬁnal chitosan layer would be higher than that resulting
from the interpenetration with alginate. It is important to note
that in ambient conditions, the values of adhesion are likely
facilitated by capillary forces of a surface adsorbed water layer in
air.36 This is especially relevant in the case of hydrophilic
polymers such as chitosan that constitutes the last layer of all
the samples under study.6,37
To partially summarize, cross-linked ﬁlms have a higher
elastic modulus and less deformation than native ﬁlms. As
expected, cross-linking increases the stiﬀness of the multilayer
ﬁlm provoking an increase in the elastic modulus. This is due to
the fact that thermal cross-linking results in an amidization
reaction between the carboxylate groups of alginate (COO−)
and the ammonium groups of the chitosan (NH3
+) to form
amide cross-links (NHCO) that rigidify the multilayers.38 The
cross-linking reduces the molecular mobility of polymer chains
Figure 5. Evolution of the elastic modulus, deformation and adhesion of (a) (Alg1/Chi)n (■) and (Alg2.5/Chi)n ﬁlms (●) and (b) cross-linked
(Alg2.5/Chi)n ﬁlms (○) vs ﬁlm thickness and number of bilayers. Dashed lines are a guide to the eye.
Figure 6. AFM topographic images (3 μm × 3 μm) corresponding to (a) (Alg2.5/Chi)10 and (b) nanocomposite (Alg/Chi)5/(NPs/Chi)5 ﬁlms.
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because it decreases the intermolecular space between these
chains.12 The eﬀect of ﬁlm cross-linking on the elastic moduli
was expected since the degree of cross-linking is known to
inﬂuence the mechanical properties of multilayer ﬁlms. As an
example in a recent study, the Young Modulus of Alg/Chi
ﬁlms, determined on 31.7 ± 4.7 μm ﬁlm thickness by dynamic
mechanical analysis in a hydrated environment at 37 °C,
increased from 4.8 to 56.4 MPa after cross-linking with
genipin.11
Eﬀect of the Incorporation of Nanoparticles on the
Nanomechanical Properties. The eﬀect of the incorporation
of NPs on the nanomechanical properties of Alg/Chi ﬁlms was
studied. Figure 6 shows representative AFM topographic
images corresponding to two samples prepared with the same
number of total bilayers, (Alg2.5/Chi)10 and nanocomposite
(Alg/Chi)5/(NPs/Chi)5 ﬁlms which provide information on
their morphology and their roughness. The ﬁlm without NPs
displays ﬁner grain texture and a more homogeneous surface
morphology, with an average roughness of 17.1 ± 3.4 nm, than
the nanocomposite ﬁlm, which exhibits aggregated NPs and an
average roughness of 42 ± 3.4 nm. The formation of aggregates
is attributed to the roughness accumulation induced by the
inner NPs layers. Cluster formation could be also inﬂuenced by
the aggregation of small particles during the spray of a colloidal
solution.39
Representative PF-QNM AFM images corresponding to
nanocomposite (Alg/Chi)10/(NPs/Chi)10 ﬁlms are shown in
Figure 7. The mechanical properties (elastic modulus,
deformation and adhesion) were analyzed in four diﬀerent
points of these images. It is worth to emphasize that the
analysis was carried out in 1 μm2 regions.
Table 2 summarizes the results corresponding to the
thickness determined by SEM and the mechanical properties,
determined by PF-QNM AFM, for the three nanocomposite
(Alg/Chi)n/(NPs/Chi)m ﬁlms under study.
As it can be observed for the same number of bilayers,
nanocomposite ﬁlms present a higher elastic moduli than
(Alg2.5/Chi)n ﬁlms (results depicted in Figure 5a). These
results corroborate that the mechanical properties, found by
(PF-QNM) AFM, are consistent with intrinsic properties of the
sample and are not inﬂuenced by the substrate properties. It is
interesting to note that the values of deformation increased
signiﬁcantly in nanocomposite ﬁlms with respect to Alg/Chi
ﬁlms for which the values of deformation range between 0.5
and 1.5 nm. A careful examination of the results depicted in
Figure 7 for (Alg/Chi)10/(NPs/Chi)10 ﬁlm shows that regions
that deform more correspond to regions with no NPs. It might
be hypothesized that the incorporation of NPs might decrease
the number of interactions between polyelectrolyte layers, thus
promoting the formation of “empty regions” in between
polymer layers which might lead to the increase of deformation.
In fact, previous reports on the incorporation of NPs during the
buildup of the multilayer ﬁlm have revealed that the deposition
process can give rise to islands that create empty regions into
the internal structure of the ﬁlm.40,41 For the nanocomposite
ﬁlms under study, SEM images shown in Figure 8 corroborate
the formation of empty spaces or islands during the spray
deposition. The ﬁlm with a lower number of NPs layers (Figure
8a) presents separated islands on diﬀerent points of the surface
of the ﬁlm. As the number of bilayers increases, islands decrease
their size and the deposition becomes more homogeneous
(Figure 8b and c).
Furthermore, it is noteworthy that the adhesion value is a
factor of 2−3 higher when iron oxide NPs are incorporated
within Alg/Chi ﬁlms (see Table 2) compared to native Alg/Chi
ﬁlms (results depicted in Figure 5), indicating that NPs play a
signiﬁcant role on the adhesion values. As shown in Figure 6,
the roughness of nanocomposite ﬁlms increases with respect to
ﬁlms without nanoparticles. As previously described for samples
without nanoparticles, adhesion values are likely to be
inﬂuenced by the formation of a water neck between the
AFM tip and the sample due to capillary condensation and
adsorption of thin water ﬁlms at surface. In addition, surface
roughness has also a great inﬂuence on the adhesion force
measured through AFM although this eﬀect is hard to
quantify.36 In the case of nanocomposite ﬁlms, which show
higher values of roughness with respect to ﬁlms without
nanoparticles, it might be hypothesized that the formation of
empty spaces or islands during the spray deposition might
induce an increase in the contact area between the tip and the
surface which would have an eﬀect on the increase of the
adhesion values found for these samples.
■ CONCLUSIONS
We report on the nanomechanical properties of multilayer ﬁlms
made of chitosan (Chi), alginate (Alg), and those obtained by
incorporation of iron oxide nanoparticles (NPs) built up via
spray assisted layer-by-layer (LbL). To this aim, PeakForce
Quantitative Nanomechanical Mapping (PF-QNM) AFM
measurements were carried out on supported Alg/Chi
multilayer ﬁlms taking into account three diﬀerent experimental
parameters, namely, alginate concentration, thermal cross-
Figure 7. PF-QNM AFM images (1 μm × 1 μm) of height, elastic
modulus, deformation, and adhesion corresponding to a nano-
composite (Alg/Chi)10/(NPs/Chi)10 ﬁlm.
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linking and number of NPs layers. The thickness of Alg/Chi
ﬁlms increased exponentially with the number of layers up to
20 bilayers and then slightly increases toward a plateau. This
observation strongly suggests the diﬀusion of one of the
polyelectrolytes “in” and “out” of the ﬁlm in the range between
5 and 20 bilayers which corresponds to thicknesses in the range
of 294 nm to 1.75 μm for Alg2.5/Chi ﬁlms and 130 nm to 1.23
μm for Alg1/Chi ﬁlms. This result is directly correlated to the
increase of elastic moduli found for these materials with the
increase in the number of bilayers. Thermal cross-linking of
Alg/Chi ﬁlms reduces the roughness of multilayer ﬁlms and
increases the elastic modulus, this increase being much more
signiﬁcant for ﬁlms obtained with higher alginate concentration.
For both series of samples, cross-linked and native Alg/Chi
ﬁlms, deformation values are below 2 nm and the adhesion
force varies between 1 and 4 nN regardless the number of
bilayers or the concentration of alginate. This is attributed to
the fact that the composition of the outer layer is similar for all
the studied samples and the adhesion measurements are
sensitive only to the surface. The incorporation of iron oxide
NPs within the multilayer ﬁlms increases their roughness and
induces an increase of the elastic moduli of the resulting
nanocomposite materials. The increase in the values of
deformation found for nanocomposite Alg/Chi ﬁlms with
respect to Alg/Chi ﬁlms suggests the presence of empty spaces
originated from the fabrication process of the ﬁlms. Finally,
values of adhesion of nanocomposite ﬁlms are higher than
those corresponding to (Alg/Chi)n ﬁlms which points to a
signiﬁcant eﬀect of the presence of nanoparticles on the
adhesion values found for nanocomposite ﬁlms.
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